The curing kinetics and the resulting viscosity change of a two-part epoxy/ amine resin during the mold-filling process of resin-transfer molding (RTM) of composites was investigated. The curing kinetics of the epoxy/amine resin was analyzed in both the dynamic and the isothermal modes with differential scanning calorimetry (DSC). The dynamic viscosity of the resin at the same temperature as in the mold-filling process was measured. The curing kinetics of the resin was described by a modified Kamal kinetic model, accounting for the autocatalytic and the diffusion-control effect. An empirical model correlated the resin viscosity with temperature and the degree of cure was obtained. Predictions of the rate of reaction and the resulting viscosity change by the modified Kamal model and by the empirical model agreed well with the experimental data, respectively, over the temperature range 50 -80°C and up to the degree of cure ␣ ϭ 0.4, which are suitable for the mold-filling stage in the RTM process.
INTRODUCTION
The increasing use of polymer composites in the aerospace industry and in commercial applications has created the need for efficient fabrications of fiber-reinforced composites. 1, 2 Resintransfer molding (RTM) of fiber composites promises to be a cost-effective process for producing composite parts with exceptional strength and complex geometry. 3Ϫ5 Using RTM can avoid problems of prepreg preparation, storage, and layup as encountered in the traditional autoclave process. RTM processes involve the introduction of a reactive resin over a short time into a closed mold containing preplaced fabric preforms, then followed by curing of the resin. 4, 5 A heated mold is generally used to facilitate the mold filling and fiber impregnation. Thus, during mold filling, the inception of a chemical reaction in the resin takes place, and the resultant resin viscosity increases with filling time. High-performance composite parts require high fiber fractions and long flow paths, which results in a large flow resistance and extremely long mold-filling times. Consequently, a premature gelation of the resin may occur and leads to an incomplete mold filling. Therefore, accurate prediction and precise control of the resin viscosity in the mold-filling process is critical for achieving product consistency and process efficiency. The viscosity of the resin depends on the temperature and the reaction kinetics. A complete characterization of the reaction kinetics and the viscosity change of the resin during the moldfilling stage can provide useful information on the relation between the processing variables and the material properties. Resin curing with accompa-nying significant viscosity changes during the impregnation phase is the main issue affecting the processing of RTM parts. 6, 7 A proper mold design and a good process simulation require an accurate description of the reaction kinetics and the rheological behavior of the resin during the moldfilling stage.
Epoxy resin has gained wide acceptance as the prime matrix resin for high-performance fiberreinforced composites because it possess a combination of properties such as good thermal, chemical, and abrasion resistance and good adhesion. A general autocatalytic kinetic model was developed for describing the curing of epoxy resin in the autoclave processing of polymer composites. 8 -10 A diffusion-controlled rate constant K d , 11 a diffusion factor, 12,13 and a temperature-dependent function, ␣ max (refs. 14 and 15) were incorporated into the model to account for the diffusion-control behavior at the latter stages of the cure reaction. Additionally, various expressions relating the change in viscosity to temperature and the extent of the cure reaction have been developed for composites processing. 9, 10, 14, 16, 17 Although a number of flow models of mold filling in RTM are available, 18 -20 they often do not address the chemical reaction in the mold-filling process. The chemical reaction and the rheology of polyester, vinyl ester, and polyurethane during the mold-filling process were studied. 6, 7, 16, 21 However, only limited information can be found regarding the cure reaction and viscosity change of the epoxy resin during the filling stage of the RTM process. 22 Therefore, further studies on the chemical interaction aspects of the RTM process is necessary to obtain information for process simulation and making appropriate choices of process variables.
In our previous study, 23 a kinetic model describing both the mold filling and the final curing stage of a one-part high-performance epoxy in the RTM process was developed. The suitable temperature range for the model was between 160 and 197°C. The objective of this study was to characterize the curing kinetics and the viscosity of a two-part epoxy/amine resin in the temperature range 50 -80°C suitable for the filling stage of the RTM process. A modified Kamal 8 kinetic model was used to describe the curing reaction taking place during the filling process. The resultant viscosity change of the resin in the impregnation process of the RTM is also described by an empirical model based on the results of the kinetic analysis.
EXPERIMENTAL Materials
The resin used is a two-part epoxy/amine resin, LY564/HY2954, from Ciba-Geigy (Hawthorne, NY). LY564 is the base resin of a bisphenol A epoxy containing a reactive diluent. HY2954 is a hardener of 3,3Ј-dimethyl-4,4Ј-diaminodicyclohexyl methane. Detailed information of the resin can be found in Table I .
Resin Kinetics
A DuPont Model 2910 differential scanning calorimetry (DSC) and a TA Instruments thermal analyzer 2100 system were used to analyze the reaction kinetics of the LY564/HY2954 epoxy/ amine resin by assuming proportionality between the heat evolved during the cure and the extent of the reaction. Samples of 5-20 mg weight were sealed in hermetic pans and heated from 25 to 330°C at a rate of 2, 5, 7, 10, and 20°C/min for the dynamic scanning test. Isothermal DSC experiments were conducted at 50, 60, 70, and 80°C.
Rheological Measurements
A Rheometrics mechanical spectrometer (RMS-605) in the oscillatory mode was used to evaluate Ciba-Geigy LY564/HY2954 is a two-part epoxy resin in which LY564 is the base resin of a bisphenol A epoxy containing reactive diluent and HY2954 is the hardener of 3,3Ј-dimethyl-4,4Ј-diamino-dicyclohexyl methane.
a From Ciba-Geigy data sheet.
the viscosity changes and the gelation that took place during the filling process in accordance to the specification of ASTM D 4473. Measurements were made using 25-mm-diameter disposable parallel plates subjected to forced oscillations with a gap of 0.5 mm. An initial frequency of 10 Hz and an initial strain of 0.1% were applied to perform the isothermal measurements over the temperature range of 50 -80°C with 10°C intervals. The gelation of the sample was assumed to be at the point at which the storage modulus (GЈ) and the loss modulus (GЉ) intersected.
RESULTS AND DISCUSSION

Reaction Kinetics
In the kinetic studies by differential scanning calorimetry (DSC), it is assumed that the heat of reaction, dH(t), is proportional to the degree of cure, ␣. The rate of the reaction, d␣/dt, as a function of time can be calculated from the rate of heat flow evolved during the curing reaction:
where H U is the average total heat of the reaction measured in the dynamic DSC tests, and H(t), the area under an isothermal DSC curve up to time t. The dynamic DSC thermograms of the LY564/ HY2954 epoxy resin at a heating rate of 10°C/min is shown in Figure 1 . In Figure 1 , the marked exothermic peak represented the curing reaction with the onset and the peak temperature at 90.55 and 132.80°C, respectively. The average total heat of the reaction, H U , measured at five different heating rates was found to be 405.3 Ϯ 11.1 J/g. The cure reaction started at 48°C and became pronounced at 90.55°C. Thus, the isothermal DSC measurements of the resin were conducted between 50 and 80°C with a 10°C interval, which is the temperature range suitable for the mold filling of the RTM process. The reaction rate d␣/dt as a function of time at these four different temperatures is displayed in Figure 2 . In Figure 2 , the reaction rate increases with time initially and decreases after passing through a maximum. The maximum peak height of the reaction rate increased with increasing temperature. The increase in temperature facilitated the curing reaction and the maximum of After passing through this maximum, the reaction rate decreases in such a way that it depends on the curing temperature. This decrease can be attributed to the diffusion process in the latter stages of the epoxy cure, 24 because the cure cannot continue without the diffusion of low molecular weight species. The total amount of heat generated at a given temperature was termed the isothermal heat of reaction, H T . The maximum degree of cure, ␣ max , which is defined as the ratio H T /H U , was found to be a function of temperature, as shown in Figure 3 . It is evident that the curing reaction is not completed at any of the test temperatures owing to the diffusion control in the latter stage of the cure reaction. The maximum degree of cure, ␣ max , depends linearly on the cure temperature: Therefore, the maximum degree of cure, ␣ max , obtained at a given temperature is introduced into the Kamal expression of reaction kinetics 8 to account for the autocatalytic curing behavior in the early stage and the diffusion-control process in the latter stage of the epoxy curing reaction:
in which m and n represent the reaction orders. The rate constants K 1 and K 2 depend on the temperature and correspond to the catalysis by hydroxyl groups initially present in the epoxy resin and the catalysis by hydroxyl groups formed in the curing reaction, 11 respectively. K 1 and K 2 can be expressed in terms of the Arrhenius expression: 
CURING KINETICS OF TWO-PART EPOXY RESIN
where A 1 and A 2 are preexponential factors; E 1 and E 2 , the activation energies; R, the gas constant; and T, the absolute temperature. The parameter m, n, K 1 , and K 2 were estimated without any constraints by fitting the experimental data shown in Figure 4 to eq. (4) using a nonlinear regression method. The values of m and n were found to behave as linear functions of the cure temperature as shown in Figure 5 . The two linear functions are given in eq. (6):
The rate constants K 1 and K 2 are displayed as a function of temperature in Figure 6 . In Figure 6 , 
In Figure 4 , the experimental data of d␣/dt are compared to values of empirical prediction by eq. (7) as a function of the degree of cure ␣. A reasonably good agreement was observed over the temperature range of 50 -80°C. Furthermore, a maximum reaction rate that occurred at about ␣ ϭ 0.15 as a consequence of the autocatalytic behavior is also clearly presented in Figure 4 .
Rheological Behavior
The viscosity is a measure of the resin's resistance to flow and an indication of the degree of cure in the RTM process. The viscosity profile of the LY564/HY2954 epoxy resin as a function of time at different temperatures ranging from 50 to 80°C is given in Figure 7 . Upon heating, the viscosity of the resin decreases rapidly, showing a minimum value below 1000 mPa s for a certain time period, and then the viscosity experiences a sharp rise toward the gel points. At higher temperatures, the viscosity of the resin became lower initially, but increased earlier due to the curing. Hence, at an elevated temperature, the impregnation of fabrics by the resin is facilitated initially, but the time (filling time) for the viscosity of the resin remaining below 1000 mPa s that is suitable for the mold filling is reduced. The time required to reach the gel point, viscosity at the gel point, and the degree of cure at the gel point of the LY564/HY2954 resin at various temperatures are given in Table II . Apparently, an increase in temperature of the resin in the mold-filling process leads to a higher gel viscosity and a reduced gel time. The degree of cure at gelation remains a constant of 0.73 on average. The resin viscosity can be described by an empirical model, 17 accounting for the temperature and the curing kinetics effects. In this model, the viscosity is a 
where 0 and are constants; U, the activation energy of the viscous flow; R, the gas constant, and T, the absolute temperature. The constants 0 and can be determined by rearranged eq. (8) as
where P is a parameter representing the initial nonreacting properties 25 and is defined as
Then, ln was plotted against the degree of cure ␣ from the measured data. The viscosity against the degree of cure of the LY564/HY2954 epoxy/ amine resin at 60°C is displayed in Figure 8 . The constant can be obtained from the slope of a straight line fitted to the data in the plots at each temperature, as shown in Figure 8 . The parameter P is determined as the intercept of the straight line with the vertical axis. The value of was found to be temperature-dependent as given in Table III . Similarly, 0 and U can also be determined from the intercept and the slope of a fitted linear line in a plot of P versus 1/T, as shown in Figure 9 . The resulting values of these parameters are as follows:
As a result, the viscosity of the LY564/HY2954 epoxy/amine resin can be written as eq. (11) 
Figure 9
The parameter P in eq. (10) as a function of inverse absolute temperature.
in which T is in degrees Kelvin and is in mPa s. The comparison between the measured viscosity and the predicted viscosity by eq. (11) over the temperature range 50 -80°C of the filling stages in the RTM process is shown in Figure 10 . In Figure 10 , the predicted viscosity by eq. (11) agrees well with the measured viscosity up to the degree of cure ␣ ϭ 0.4, accounting for the whole filling stage for the RTM process of the LY564/ HY2954 resin.
CONCLUSIONS
The curing kinetics of a two-part epoxy/amine resin for mold filling in the RTM processing was analyzed using DSC. A Kamal kinetic model modified with temperature-dependent parameters accounting for the autocatalytic and the diffusion effects in the curing reaction was derived. The model parameters were obtained through isothermal and dynamic DSC analyses in the temperature range 50 -80°C. An empirical model was adapted to describe the resin viscosity as a function of temperature and the degree of cure for the filling stage of the RTM process. A reasonably good agreement between the predicted and the measured values of viscosity was obtained for the mold-filling stage.
